The future needs of space based observational planetary and astronomy missions include low mass and small volume radiometric instruments that can operate in high radiation and low temperature environments. Here we focus on a central spectroscopic component, the bandpass filter. We model the bandpass response of the filters to target the wavelength of the resonance peaks at 20, 40, and 60µm and report good agreement between the modeled and measured response. We present a technique of using common micromachining processes for semiconductor fabrication to make compact, free standing resonant metal mesh filter arrays with silicon support frames. The process can accommodate multiple detector array architectures and the silicon frame provides lightweight mechanical support with low form factor. We also present a conceptual hybridization of the filters with a detector array.
Introduction
A new generation of filter radiometers, gratings, and Fourier transform spectrometers are required for the investigation of the cold outer planets of the solar system and their icy moons [1] . The new instrumentation must operate in a cryogenic high radiation environment, be light-weight, and show high radiometric signal-to-noise performance. For instance, the thermal instrument straw-man payload of JEO on EJSM [2] for mapping out thermal anomalies, structure, and atmospheric compositions of Europa and Jupiter within the 7-100 µm spectral wavelength range calls for a mass budget of 3.7 kg and must operate under a total ionizing dose rate of 2.9 Mrad/year [3] . Key optical components to such instruments are high transmission bandpass filters for the mid-far IR spectral region. One scheme for achieving high peak transmission coupled with good out-of-band attenuation is an array of cross-shaped or annular apertures in thin metal foils of films [4] . Cross-shaped metal meshes and their complimentary inverse structures have, respectively, inductive (high pass) and capacitive (low pass) responses to incident light. Babinet's principle in vector formulation states that complementary meshes have complementary transmittance [5] , i.e., a maximum for the inductive mesh is a minimum for the capacitive mesh. Thus, a mesh can be made that is both inductive and capacitive which results in a self resonant mesh with a bandpass response. The incident light excites a standing wave on the surface of the mesh, and transfers the incident energy into reflected and transmitted light. The inductive, capacitive, and resonant meshes are usually fabricated out of thin metal foils. These can consist of structures, either free standing or hot pressed into a dielectric media [6] , in which the interlayer spacing, if present, is appropriately controlled. For spectral wavelengths >20µm multilayer non-crystalline dielectric filters are not suitable for applications which need high in-band transmissivity and high out-of-band rejection, because the required layer thickness results in high absorption by the dielectric [7] . Furthermore, it is unclear whether or not ageing arising from exposure in high radiation environments will affect the mechanical strength and optical properties of the dielectric [8] . Also, in the high radiation environments encountered in spaceflight one needs to consider deep dielectric charging and spurious light generation due to high energy charged particles (e.g., cosmic rays), interacting with the dielectric volume. From this perspective all metal (or metal coated) structures are easier to deal with, than materials with low intrinsic conductivity, to integrate in future outer planet thermal instruments.
An excellent review of the development of metal mesh filters has been given by Goldsmith [9] . One early method proposed by Huggard et al [10] was the use of commercial precision printing screens, consisting of freestanding electroformed nickel sheets with a regular array of circular holes to fabricate large area band pass filters. The screens were robust and showed high peak transmittance between 70µm and 172µm in spectral wavelength. More recently, Melo et al [11] successfully fabricated suspended resonant nickel metal mesh filters for discrete central wavelengths ranging from 30µm to 750µm using standard photolithographic techniques and their measured transmission and bandwidths correlated well with the simulations from a 3D EM simulator.
In this paper, we report on the design, 3D EM simulation, and fabrication of FIR band pass filters constructed using microelectromechanical system (MEMS)-based fabrication techniques which result in high transmission at select wavelengths, namely 20µm, 40µm, and 60µm.
We demonstrate a technique of using common micromachining processes for semiconductor fabrication to make compact, free-standing resonant metal mesh bandpass filter arrays using silicon support structures. Silicon is lightweight, has low form factor and its mechanical support is robust in that it provides protection against deformation while handling and stacking the filters. The frame can also be used a spacer for filter stacking or extended to include baffles to prevent crosstalk between the detector channels. Using photolithography to make the frames also increases the fabrication throughput, because multiple frame architectures can be produced on a single wafer. Our primary discussion will center on the fabrication of the filters on a silicon frame and characterizing their spectral bandpass response. We choose copper as a radiation hard material whose electrical conductivity is greatly enhanced at low temperature which will result is reduced signal loss. As part of our design and characterization effort, we model the bandpass response of different filter element shapes to target peak transmittances at 20, 40, and 60 micron wavelengths. We report good agreement with the modeled and measured bandpass response. We will also present a strategy for hybridizing the filter array with a sensor array for future integration into a mid -far IR spectrometer or radiometer design. This paper is organized as follows. In Section I we discuss the modeling of the filter response. In Section II we describe the fabrication of the filters. In Section III we discuss the transmission measurement of the filters and compare the results with the model. We provide a future outlook in Section IV and conclude the paper in Section V.
Section I: Filter Modeling
We desired a modeling framework capable of predicting resonant metal mesh filter response prior to fabrication to help target specific passbands, for a review of the nature of the resonant metal mesh filter response see [6] . The starting point for the modeling approach employed here follows the work of Porterfield et al [12] . Specifically we used Ansys' 3D electromagnetic solver HFSS TM to solve Maxwell's equations for a defined set of geometries and materials. For simple geometries the mesh array was reduced to a single unit cell with perfect E and perfect H symmetric boundary conditions to reproduce the infinite array as in [12] . Waveports were then placed on the top and bottom to obtain two port S-parameters for light at normal incidence. For more complicated geometries, we used a technique suggested in [13] . Two perfectly matched layers were placed on the top and bottom of the vacuum box to minimize spurious reflections at non-normal incidence in regions that were supposed to simulate free space. Instead of symmetric boundary conditions, pairs of master and slave boundaries were placed to simulate and infinite array and the excitation sources were two plane waves with orthogonal electric field polarizations, see Figure 1 . Figure 1 . HFSS modeling structures for the cross with perfect H and perfect E boundary conditions and the hexagonally close packed filter with master boundaries M1, M2, and M3, slave boundaries S1, S2, and S3, and Floquet ports, F1 and F2. The radiation propagates in the z direction.
We created a hexagonal unit cell, with three sets of master and slave boundary pairs, to pack the aperture opens as closely as possible in order to obtain high resolution of the optical response in the mid -far IR wavelength range. We then defined Floquet ports above and below the cell in terms of vectors oriented along the path of the lattice. This allowed us to define the polarization of the excitation source and analyze the effects of off-normal incidence. Furthermore, we addressed the dependence of the optical properties of the metal on filter performance. The material properties of the bulk metal in the filter were represented by a surface impedance approximation in the model. A bulk resistivity for the metal layer of 1.4e-6ohm-cm was used in the simulated results shown in figure 5 . The dominant observed difference between this simple treatment and the Drude dielectric function derived from the data in [14] withing the filter passband is the magnitude of the computed absorption. It is increased by ~30% in the latter approximation for a simple reflective surface at normal incidence. For our present purposes this level of accuracy is sufficient. In order to minimize computing resources, we modeled the filter material thickness to be a few penetration depths, which provided reliable numerical results.
In terms of the design of the metal mesh filters, Porterfield et al [12] determined that the performance of a cross-shaped aperture, shown in figure 2, is determined by the periodicity, cross-member length, and cross-member width. The filter profile can be scaled linearly by scaling the dimensions provided that the periodicity is smaller than the wavelength. In [15] , Chase et al define the dimensions of the structure differently with the dimension b equal to half the cross-member width and the dimension a equal to half the difference of the periodicity and cross-member length. It was determined that the resonant wavelength is approximately 2.1 times the cross-member length independent of a and b if the ratio of b/a ≤ 1. Furthermore the bandwidth increases as b/a increases; however, coupling between the crosses is also a significant factor in determining the bandwidth of the filter. Other aspects that influence the shape factor and characteristic of the filter include thickness of the metal as demonstrated in Figure 3 in Ref. 15 , the stacking or cascading of filters as demonstrated in [7, 17] , and the use of other shaped apertures [7, 13, 17] . We then created cross-shaped apertures with cross-member length ranging from 10µm to 50µm to target wavelengths of 20µm to 100µm. We also designed cross-shaped apertures with varying b/a ratios to explore bandwidth as was done in [13] . Figure 2 shows the cross dimensions. The parameters in the figure are related to a and b via, J=2b and 2a=G-K. Finally, we designed other shaped apertures, which include squares arranged in a square lattice and circles arranged in both square and triangular lattices, to explore the frequency response of these filters. To ensure that the transmission spectrum was appropriately captured in the model, the frequency sampling was decreased from 10 to 2 GHz and the response was not noted to change. etch through oxide and exposed seed layer metal. (10) Etch away sacrificial layer and exposed seed layer metal. (11) Release parts.
Section II: Fabrication
Our process, depicted in Figure 3 , results in a free standing copper resonant metal mesh filter suspended from a silicon support frame. This process can accommodate multiple frame designs for different applications which can also result in a high fabrication throughput for different array architectures. Some examples of different array architectures of realized filters are shown in Figure 4 . Our fabrication process can also be extended to make relevant structures, for instance, silicon baffles which can reduce crosstalk between filter elements. In using MEMS fabrication techniques we can achieve one micron alignment tolerance, which is orders of magnitude better than high throughput manual alignment. We started the process by depositing a thermal oxide layer on both sides of 4" Si(001) wafers (resistivity = 10 -20 Ohm cm) using a tube furnace. The oxide serves as both an insulator to prevent electroplating metal on the back of the wafer and it is an etch stop for subsequent deep reactive ion etching. Front and back alignment marks are then patterned with a positive photoresist, PR, and reactive ion etched in a CF 4 /Ar/CHF 3 and SF 6 /O 2 plasmas, in order to etch SiO 2 and Si respectively. A sacrificial layer of commercially available Parylene-C (Specialty Coating Systems TM ) is deposited on the wafers and then patterned with positive photoresist. The parylene is then etched in an O 2 plasma using a parallel plate barrel asher (Axic).
Parylene has several attractive features which make it a good sacrificial layer. It provides mechanical support and is easily removed in an O 2 , which does not erode the copper mesh. We find that it is also compatible with the sulfuric acid based electroplating solution used to plate copper. This is because it is both chemically inert, i.e., it does not dissolve in the solution, and an insulator, i.e., plating does not occur on Parylene coated surfaces. It also does not swell in aqueous solution; consequently, delamination of copper on Parylene surfaces is not a problem.
Following the patterning of the sacrificial layer, we electron beam deposited, (base pressure = 2x10 -7 Torr), an electroplating seed layer which consisted of 20 nm layer of Ti, which served as an adhesion layer between copper and Parylene, and then a 200 nm layer of Cu at ambient temperature on the front side of the wafers. As an aside, we observed that Ti/Cu seed layer results in a low stress electroplated film [18] . The Cu surface was passivated by immersing the wafer in a 1:4000 Benzotriazole:H20 solution. The filter design was then patterned with SU-8 -10 (Microchem TM ) negative photoresist. Cu was then electroplated in the SU-8 free regions using a sulfuric acid/copper sulfate based electroplating solution (Microfab-SC) and phosphorized copper anodes at ambient temperature. We found that in order have smooth and near vertical Cu sidewalls the SU-8 thickness must exceed the Cu thickness. We have experience in patterning SU-8 with thickness ranging between 2 and 150 microns. For this work, the SU-8 thickness was 16 microns, which more than sufficient for the 10 microns of electroplated Cu. The electroplated Cu was subsequently passivated in a benzotriazole solution.
In order to fabricate the silicon frame we etched selected regions on the wafers on their backsides. This consisted of bonding the front side of the wafers to Pyrex wafers using an acetone soluble 509 (Crytalbond TM ) wax. We then ashed away the backside Parylene coating in an O 2 plasma and removeed the backside oxide layer via reactive ion etching in a CF 4 /Ar/ CHF 3 plasma. The frame regions were defined using AZ-4620 positive photoresist and etched using an SF 6 /O 2 etch and C 4 F 8 passivation Bosch process in a deep reactive ion etcher (STS). We reactive ion etched the SiO 2 etch stop using a CF 4 /Ar/CHF 3 plasma, remove the Parylene in a parallel plate barrel asher with an O 2 plasma, stripped the Ti in 1:10 HF:H 2 0, and etched the Cu seed layer in a 1 M nitric acid solution. The remaining AZ-4620 resiste was ashed away. Partial removal of the SU-8 was accomplished ashing with an O 2 /CF 4 plasma. Finally the individual dice were released in an acetone bath and any remaining SU-8 was released in ultrasonic solvents.
In the event that the Cu surface was corroded post processing, it was removed in a 6% acetic acid solution was passivated using a benzotriazole solution, which was found to protect the parts against corrosion after three months of exposure to atmosphere.
Section III: Transmission Measurement and Discussion
The transmission spectra were measured using a Bruker IFS 125 Fourier Transform Spectrometer (FTS). This instrument is equipped with a liquid helium cooled bolometer that allowed us to collect data in the spectral range of 50 to 667 cm -1 (200-15 µm) , with a 0.5 cm -1 resolution. The data were taken in a focused beam configuration by taking the ratio of the filter transmission relative to a reference hole. The low temperature measurements were taken using an Oxford Instruments liquid helium continuous flow optical cryostat mounted to the Bruker FTS. A correction factor of the ratio of the reference hole area to filter area was used to normalize the measured values because of a mismatch between the shape of the reference hole and the filter geometry. The reference hole was a circular aperture with a 1.5 mm diameter and the filters that were tested consisted of square shaped mesh regions 1 mm on a side. The passbands are targeted by varying the mesh hole geometry of the filter as discussed above. This facilitates making many filters of different pass bands in a single fabrication run. For instance we yielded 19 dice, each with different filter geometry, on a single 4" Si wafer. The resonance peaks of the passband are located close to the 20, 40, and 60 micron design targets and the transmittance at peak frequency for filters having cross, square, and circle shaped holes is between 0.8 and 0.9 at 300 K as shown in Figure 5 . We note that the agreement between the modeled and measured transmittance is very good. Furthermore the cross patterns give significantly narrower passbands and better long wavelength attenuation than the square or circle patterns. Upon cooling the filters to 7K, we see, in Figure 6 , that the peak transmission for the 60 micron cross shaped filter increases and returns the previously held 300K value. Thus, these filters are robust against cryogenic thermal cycling, which is a critical requirement for components designed to operate in the cold environment around the outer planets. Figure 6 . (a) Transmittance spectra of a filter, cross shaped features, designed to have a bandpass at 40 microns at 7 and 300 K. (b) Transmittance spectra of a filter with a 60 micron bandpass design. The spectra were taken at 300K, 7K, and again at 300K in order to ascertain the effects of thermal cycling.
The cross and square shaped mesh hole features exhibit rounding at their corners that was not originally included in our simulations. This rounding occurs because of limitations in defining small feature sizes during photolithographic processing. In order to obtain better agreement with the measured bandpass response, we have performed new simulations in which the meshes have "rounded" hole geometries, as shown in Figure 7 . Incorporation of this detail improves the agreement between the observed transmission characteristics and is a perturbation on the initial design. From both our measured and simulated data, we see that there are limitations in the bandpass response of metal mesh filters. There are both modeled and observed low wavelength resonances as we approach the diffraction limit, i.e., when the free space wavelength λ is on the order of any of the characteristic aperture sizes as well as spurious optical response arising from differences in filter design and actual filter geometry as shown in Figure 7 . The FTS has much lower resolution below 15 microns, which makes it difficult to resolve low wavelength behavior. We can address these issues by improving lithographic capabilities so as to define smaller features. For instance, we found that SU-8 feature resolution can be enhanced by using a low pass filter (Omega Optical) during UV light exposure of the photoresist as shown in Figure 8 . This technique can push the feature size resolution to 2 microns. Furthermore, one can use lower throughput and much more costly techniques such as electron beam lithography to define features down to 0.1 micron. Another means to fabricate filters with very small hole dimensions would be to use a self-assembly technique, for instance, by using block copolymers [19] to fabricate an electroplating mask. In all instances however, there is a penalty for using smaller features, namely a reduction in transmittance. Perhaps the most efficient means of eliminating such unwanted resonances is to integrate the metal mesh bandpass filter with an antireflection coated crystal such as SrF 2 whose Restrahlen band would reject this spectral region by reflection.
Another limitation of single layer metal mesh filters is their narrow bandwidth. One means of improving bandwidth is filter stacking [6] . Our models predict that stacking the filters will produce a sharper roll off and wider passband but also a lower transmittance as shown in Figure 9 . Using our fabrication approach the silicon frame can act as a spacer when stacking. Figure 9 . Simulated comparison of bandpass response between using a single filter with cross shaped features and using two filters stacked 100 microns apart. We note the sharper roll off and increased effective full width at half maximum. The cross dimensions are G=47, K=10, J=32 microns.
Section IV: Future outlook
We envision integrating the filter array with a detector array to build a radiometer. The focal plane assembly consists of a thermopile array aligned with a filter array, and baffles separating the respective array elements to prevent detector cross talk and reduce non-normal incident light through the filter. A combination of low and high pass filter windows are placed in front of the filter array in order to remove the extra resonances from out-of-band response. An advantageous feature of the process described in this paper is that the extension to making the baffles from the substrate is straightforward. Likewise, characteristic needs can potentially be satisfied by judicious fabrication choices. Since the baffles need to be good absorbers, for example, possible solutions are to use degenerately doped silicon wafers, or an aluminum coating with black anodization. We anticipate being able to satisfy mission requirement with custom designs of filter integration for a wide variety of radiometric instruments.
Section V: Conclusion
We have succeeding in making a low mass, radiation hard, small volume, free standing metal mesh filters with silicon support frames using common semiconductor fabrication process. The transmissivity is in the 0.8 -0.9 range, and the measured bandpass response is in good agreement with the modeled response. The filter bandpass response contains more than one resonance, which was anticipated in the model. These additional resonances can be eliminated by fabricating much smaller features or by employing a low pass window with an antireflective coating. Our models show that by stacking the filters, we can increase their bandwidth. The novel fabrication process that we present can also be extended to hybridize the filter array with the detector array so as to construct a radiometric instrument.
